In bacteria, five different metabolic pathways for the complete aerobic degradation of toluene and its assimilation are known (9, 16, 22, 23 ; B. Kaphammer, J. J. Kukor, and R. H. Olsen, Abstr. 90th Annu. Meet. Am. Soc. Microbiol., abstr. K-145, p. 243, 1990) . Depending upon the strain, toluene is initially oxidized either at the methyl group or at the aromatic ring. Fungi also can oxidize toluene at both molecular sites. Cultures of Mortierella isabellina converted toluene into benzyl alcohol (12) . Smith and Rosazza (17) identified two zygomycetes and three deuteromycetes that hydroxylated toluene at the aromatic ring to produce o-cresol and, in some cases, p-cresol. Mineralization of toluene has been reported for the white-rot fungus Phanerochaete chrysosporium, but the metabolic pathway was not determined (25) . The fungal degradation of toluene in these cases occurred only by cometabolism and, consequently, it did not support growth. We previously identified and described a Cladosporium sphaerospermum strain that can grow on toluene as the sole carbon and energy source (20) . Oxygen consumption experiments with whole cells and enzyme activities in cell extracts suggest that the initial oxidation of toluene takes place at the methyl group, rather than at the aromatic ring. Recently, we identified five additional fungi that also can assimilate toluene (14) . 19 F nuclear magnetic resonance ( 19 F NMR) has been used previously to characterize the degradation of fluorine-containing aromatic compounds by fungi (2, 13, 18) . Fluorine, with its small size, can replace hydrogen in an organic substrate with few steric consequences. It also influences the conversion rate of many enzyme reactions (21) . The 19 F isotope, with a natural abundance of 100% and a broad chemical shift range, is a very sensitive NMR-active nucleus that can be advantageously used in the identification and quantification of fluorinated intermediates by 19 F NMR spectroscopy. Our objectives were to identify the initial steps for the catabolism of toluene in six previously isolated fungi (14, 20) which are capable of growth on toluene as a sole carbon and energy source: C. sphaerospermum T0, Cladophialophora sp. strains T1 and T2, Pseudeurotium zonatum T3, Exophiala sp. T4, and Leptodontium sp. strain T5. The fungi Cunninghamella echinulata CBS 596.68 and Aspergillus niger CBS 126.48 were also included in this study. These two organisms cometabolically hydroxylate the aromatic ring of toluene (1, 17) . We used fluorinated toluene isomers as substrate analogs and 19 F NMR spectroscopy to characterize the pattern of metabolite accumulation. In particular, we focused on the site of the initial oxidative attack, in order to determine whether fungi can assimilate toluene through pathways as diverse as those used by the aerobic bacteria.
MATERIALS AND METHODS
Chemicals. Toluene was purchased from Labscan Ltd. (Dublin, Ireland). 2-, 3-, and 4-fluorotoluene and the reference compounds 2-, 3-, and 4-fluorobenzyl alcohol, 2-, 3-, and 4-fluorobenzaldehyde, 2-, 3-, and 4-fluorobenzoic acid, 3-fluorocatechol, and 3-fluoro-6-hydroxytoluene were from Acros Organics (Geel, Belgium). 4-Fluoro-3-hydroxytoluene was from ABCR GmbH & Co. KG (Karlsruhe, Germany). All chemicals were of analytical grade. 3-Fluoro-4-hydroxybenzoic acid was a gift of Sjef Boeren (Laboratory of Biochemistry, Wageningen University). The purity of all fluorinated compounds was verified by 19 F NMR spectroscopy.
Organisms. The fungi capable of growing on toluene used in this study were C. sphaerospermum T0, Cladophialophora sp. strains T1 and T2, P. zonatum T3, Exophiala sp. strain T4, and Leptodontium sp. strain T5. These fungi can be obtained upon request from the culture collection of the Department of Biotechnology, University of Kaiserslautern (Kaiserslautern, Germany). The strains C. echinulata CBS 596.68 and A. niger CBS 126.48 were purchased from the Centraalbureau voor Schimmelcultures (Baarn, The Netherlands). All organisms were routinely maintained at 4°C on 2% glucose mineral medium (10) agar slants.
Preparation of cell suspensions. Toluene-grown mycelium was obtained as previously described (14) . C. echinulata and A. niger were grown at 30°C as shake cultures (120 rpm) in cotton-plugged 5-liter Erlenmeyer flasks containing 0.5 liter of the following (per liter of demineralized water): 20 g of glucose, 5 g of mycological peptone, 2 g of yeast extract, 1 g of KH 2 PO 4 , and 0.5 g of MgSO 4 ⅐ 7H 2 O. The medium was inoculated with 1 ml of a spore suspension (approximately 10 7 spores per ml) and incubated for 48 h. Toluene oxidation activity was induced by replacing the cotton plug with a rubber cap containing an insert filled with 5 ml of a 5:95 toluene-dibutylphthalate solution. The flask was then incubated for 12 additional hours. Mycelium was harvested with filter paper with a 4-to 7-m retentivity (595 grade; Schleicher & Schuell, Dassel, Germany), washed with 500 ml of a 50 mM potassium phosphate buffer (pH 7.0), and resuspended in the same buffer solution. Cell suspensions were stored at 4°C and used within 3 days after preparation.
Incubations with whole cells. ) were incubated with the fluorotoluenes (shaking conditions, 120 rpm and 30°C). Toluene and all three fluorinated isomers, 2-, 3-, and 4-fluorotoluene, were added individually up to 2 l/10-ml culture. T3 and T5 had no degradation activity after harvest, so these fungi were cultured in Boston flasks containing 25 ml of mineral media (10) ) were incubated with 2 l of each fluorotoluene (shaking conditions, 30°C). We followed fluorotoluene consumption via gas chromatographic analysis of the headspace. Incubations lasted no longer than 48 h and were stopped before complete substrate depletion. The cell suspension was stored at Ϫ20°C until analyzed. For metabolite determination, samples were thawed and divided into two portions. One was centrifuged (4°C, 10 min, 13,000 ϫ g) to remove cell debris, and the other was extracted with 1 volume of ethyl acetate. Both the culture medium and the solvent extract were analyzed by 19 F NMR. Identification of fluorinated metabolites. Products of fluorotoluene conversion were identified by comparing their 19 F NMR chemical shift values with those of authentic reference compounds whenever available. For compounds not available commercially, the chemical shift was either taken from the literature or predicted by using the method of Rietjens et al. (15) . Comparisons between known and predicted chemical shift values indicated that this approach provides reliable results (not shown). The presence of fluorinated intermediates at trace level (less than 1% of the total 19 F resonance) was confirmed by analyzing new samples from the incubation media.
Analytical methods. Toluene and the fluorinated analogs were measured by injecting 100-l headspace samples into a HP 6890 gas chromatograph (HewlettPackard, Wilmington, Del.) with a 10% SE-30 Chromosorb WMP column (Chrompack B.V., Middelburg, The Netherlands). The carrier gas was nitrogen at a flow rate of 1.9 ml/min. The temperatures of the column and the flame ionization detector were 110 and 300°C, respectively. 19 F NMR measurements were made with a Bruker DPX 400 MHz NMR spectrometer as previously described (19) . The temperature of the measurement was 7°C. The sample volume was 2 ml containing 1.8 ml of culture medium and 0.2 ml of 0.5 M potassium phosphate buffer (pH 7). Ethyl acetate-extracted fractions (2 ml) were assayed directly. 4-Fluorobenzoate (80 M) was added as an internal standard via an insert. 19 F chemical shifts (expressed in parts per million with respect to CFCl 3 ) and concentrations of the various metabolites were calculated by comparison of their 19 F NMR integrals to that of the standard 4-fluorobenzoate. Cell dry weight was determined by weighing dried cell suspensions (24 h at 105°C).
RESULTS
Fungal conversion of fluorinated toluenes. The two types of toluene-degrading fungi, those that degrade it by cometabolism and those that use it as the sole carbon source, both degraded the fluorinated analogs, although at very different rates ( Table 1 ). The specific degradation activity for the fluorotoluenes was up to 1 order of magnitude higher in fungi that used toluene for both energy generation and biomass production. These fungi degraded 4-fluorotoluene faster than 3-and 2-fluorotoluene. The latter isomer was not degraded by Cladophialophora sp. strain T2. Recovery of the fluorine label from the consumed substrate as conversion products in the liquid medium was as high as 90% in most of cases. Due to the low specific degradation activity in the fungi cometabolizing toluene, the rates for fluorotoluene conversion were estimated on the basis of the amount of fluorinated products that accumu- 
a Relative to CFCl 3 . Chemical shifts were measured at 7°C in aqueous solution and ethyl acetate. R, reference compound; L, taken from literature (2, 3, 18); P, predicted (15). -, not detected or not identified. lated in the media in relation to the biomass and the incubation time. The activities presented in Table 1 for these fungi were obtained with cells that had been exposed to toluene during growth and were about four times higher than those in noninduced cells.
Identification of fluorinated metabolites. The 19 F NMR chemical shifts of the various fluorotoluene derivatives were assigned to specific metabolites (Table 2) . Peak overlap was observed between the 19 F NMR signals of 3-fluorobenzyl alcohol and 3-fluorobenzoate, since both compounds show the same chemical shift in the aqueous phase. The fluorine resonance of these compounds differed in an ethyl acetate solution. Consequently, the presence of 3-fluorobenzyl alcohol and/or 3-fluorobenzoate was confirmed by analyzing the solvent-extracted fractions. A small 19 F NMR peak at Ϫ112.5 ppm resulting from the degradation of 2-fluorotoluene by C. sphaerospermum T0 and P. zonatum T3 was tentatively identified as a muconate derivative due to its proximity to the chemical shift of 2-fluoro-cis,cis-muconate. We suggest that this resonance results from a cis-trans isomerization product of 2-fluoro-cis-,cis-muconate or from a fluorinated carboxymuconate arising from the ring opening of fluoroprotocatechuate. This unidentified metabolite had a low signal intensity and limited stability.
Metabolic pathway for the fluorotoluenes. The fungi cometabolizing toluene and the toluene-grown strains differed in the nature of the metabolites accumulated (Table 3) . With 3-fluorotoluene, for example, the main fluorinated product excreted by C. echinulata was 3-fluorobenzoate (Fig. 1) . The phenolic metabolite 3-fluoro-6-hydroxytoluene (fluorinated o-cresol) was also detected, indicating that this fungus oxidizes toluene both at the methyl group and at the aromatic ring. No fluoride anion was observed, and consequently, the intermediates measured by 19 F NMR are the ultimate accumulation products. In contrast, the metabolic profile for C. sphaerospermum T0 indicates that 3-fluorotoluene is initially oxidized only at the side chain. The resulting 3-fluorobenzoate is metabolized to 3-fluoro-4-hydroxybenzoate and 3-fluoro-protocatechuate. A relatively high concentration of free fluorine was measured, possibly as a result of the oxidative defluorination of 3-fluoro-4-hydroxybenzoate to protocatechuate. The composition is relative to the total amount of fluorinated products other than the parent fluorotoluene, which was taken as 100%. F, fluoro. b *, identified in the ethyl acetate extracts; Tr, less than 1% of the total 19 F intensity; -, not detected. c Fluorine resonance at Ϫ112.5 ppm tentatively identified the compound as a muconate derivative. d 3-Fluoro-benzyl alcohol and 3-fluoro-benzoate are quantified together due to peak overlap in water solution.
DISCUSSION
We characterized the initial oxidation of toluene by using fluorinated analog substrates and identifying the metabolites formed by 19 F NMR. Previous attempts to measure and identify intermediates of toluene degradation by using a high-pressure liquid chromatography method were inconclusive (not shown). The fluorine substituent effectively decreased the conversion rate of specific reactions, resulting in the accumulation of intermediates that otherwise would have been rapidly metabolized further. The accumulation pattern depended primarily on the type of toluene oxidation, i.e., cometabolism versus assimilation, and the position of the fluorine.
Conversion of fluorotoluene was exceptionally low in the cometabolizing strains C. echinulata and A. niger. Aryl hydrocarbon hydroxylation by fungi is catalyzed by P-450 monooxygenases, which are usually substrate-inducible enzymes (8) . But even cultures that had been exposed to toluene during growth metabolized the fluorinated analogs very slowly. Although both Cunninghamella and Aspergillus species are reported to hydroxylate the aromatic ring of several aromatic hydrocarbons (8) , the two strains we tested both initiated oxidation of the fluorinated toluenes at the side chain. Only C. echinulata also hydroxylated the fluorotoluene structure at the aromatic ring to form fluorinated o-cresols. The highest yield of fluorocresol was obtained with the 3-fluorotoluene isomer, which was hydroxylated exclusively at the para position in relation to the fluorine to yield 3-fluoro-6-hydroxytoluene. A similar regioselectivity in the related species Cunninghamella elegans was found for the hydroxylation of 1-fluoronaphthalene, in which the fluorine group prevented hydroxylation at the adjacent carbons (7) . Fluorinated o-cresol was also detected with 4-fluorotoluene but not with 2-fluorotoluene. As before (17), we found no evidence for cresol formation by A. niger. Taken together, our results indicate that the presence of a methyl group in the benzene ring channels the fungal oxidative attack towards the side chain. A preference for hydroxylation of alkylated aromatic hydrocarbons at the side chain has been reported for Cunninghamella species (5, 6, 11) .
Fungi that used toluene for both energy generation and biomass production converted the fluorinated analogs at higher rates and to more oxidized intermediates, which all were products of the side chain metabolism (Table 3 ). In general, the proximity of fluorine to the methyl group had a negative effect on the degradation rate of fluorotoluene (Table 1) . This steric effect might result from the change in reactivity caused by the fluorine nucleus towards the side chain monooxygenase. The extent of fluorotoluene degradation also depended on the fluorine position: 2-fluorotoluene was converted to 2-fluorobenzyl alcohol and/or 2-fluorobenzoate. A significant part of the 19 F signal in the liquid media was identified as free fluorine, indicating that these metabolites accumulated transiently, with the aromatic ring being effectively defluorinated at a later stage. This pattern of substrate conversion was not seen with either Cladophialophora sp. strain T2 or Exophiala sp. strain T4. While the fluorine at the C-2 carbon center of toluene prevented the oxidative attack in the former strain, it induced accumulation of 2-fluoro-cis,cis-muconate in the latter. Similar to this, 2-fluoro-cis,cis-muconate was the main degradation product of 2-fluorophenol by phenol-grown cells of another Exophiala species (2). 3-Fluorotoluene also was metabolized to fluorinated benzoate, but in this case 3-fluoro-4-hydroxybenzoate was often the main product. Besides free fluorine, low concentrations of fluorinated protocatechuate, catechol, and cis,cis-muconate were detected with some of the fungi. Apparently, fluorine at C-3 was an important rate-limiting factor for the hydroxylation of 3-fluoro-4-hydroxybenzoate to fluorinated protocatechuate. In contrast to the 2-and 3-fluorotoluenes and with the exception of Exophiala sp. strain T4, the fungi could not cleave the carbon-fluorine bond of 4-fluorotoluene. Consequently, 4-fluorobenzoate was the end-reaction product of the degradation of 4-fluorotoluene.
In summary, the six toluene-grown fungi converted 2-, 3-, and 4-fluorotoluene to intermediates that matched the toluene metabolic pathway earlier proposed for C. sphaerospermum T0 (20) . By analogy, we suggest that toluene is assimilated via an initial oxidation of the methyl group by all fungi studied. Thus, toluene is first hydroxylated to benzyl alcohol and then dehydrogenated to benzoate via a putative aldehyde intermediate. Benzoate is the substrate for the hydroxylation of the aromatic ring to 4-hydroxybenzoate and protocatechuate. Detection of fluorinated catechols and fluorinated cis,cis-muconate in the Cladophialophora sp. strains (T1 and T2) and Exophiala sp. strain T4 supports the hypothesis that protocatechuate is decarboxylated to catechol. The aromatic ring of catechol is opened at the ortho position to yield cis,cis-muconate. This ring cleavage pathway has been reported previously for fungi growing on 4-hydroxybenzoate (4). However, fungi also assimilate 4-hydroxybenzoate via two other alternative ring fission substrates: protocatechuate and hydroxyquinol (24) . All three pathways converge with the formation of 3-oxoadipate. The pattern of ring cleavage for the metabolism of toluene in the strains C. sphaerospermum T0, P. zonatum T3, and Leptodontium sp. strain T5 cannot be determined from our results.
The toluene catabolic pathway is of special interest because either the benzene nucleus or the aliphatic side chain may be subject to oxidative attack. Bacteria have evolved both options, but very little is known about the fungal metabolism of toluene. The similarity of the initial oxidative steps in all these strains suggests that fungi may have less metabolic versatility than bacteria for the assimilation of toluene.
